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A Multiple-jSoure© TOFIWS tor lh© Simultaneous 
Acquisition of Chemical Information from Two Distinct 

Ionization Sources 

Siewso J. Ruy aiv.1 Gary Jvt, Jjfsftje 
, Indiana Unl vessity , Department of Chemlwy, fclobmington, IN 47405 

t 

Concept: 

Cfl The purpose of tftis ib vantion Is roe iirmilwwruus uaitiialtion of several distinct 

■ forms or chemical information with regard to a mi xt»ihs in order to better idemiiV specific 
«g mbtfl,R - ,hetr concentrations,^ their association* and cl»mical speciation. This goal is ^/ 
UJ accomplished by using dstobflshed separation methods succeeded by chemical analysis 

U by ltlel ? n,S ° f ° lmiqUe *** c * , «» system. The detection system is composed of a travel /+> A~Sft l --v«- 
„F time-of Oighi mass spearomefer.. 4 ' 

B 

Q General D&stcription: 

□ fn i,s P^n^d embodiment, the mvention *oi»<n sta of a mixture separation step 

Uj followed by mass spcchWme analysis. This experimental concept is depleted 

schematically in WW wpnration is employed to segregate distinct chemical 
specie then contain die identical metal from one anottier. It is noteworthy that such a 
• syslcos does not. require the comprehensive separation or all species in die mixture, since 

ih., ability to nwtch a si^e metal, Omental, o* i«,i<,ptr profile with n corresponding 
molecidar ion spectrum pilowx ooh-idaal separations to he overoome. The mixture 
separation might be accomplished by liquid chromatography, capillary electrophoresis, or 
any number of separation techniques known in the literature. Alter separation, the 
effflueiit is ^P«jjwith a pifcdetermined volume rotm and each separate stream injected into 
one of iwodifferent ionization sources. I n this exaiiiplc. one of the sources is selected for 
its ability to provide special,™ information (c g. olectiospray Ionization); the other 
selected for its ability to, provide very sciwfsiva elemental determinations (e.g. the 



Q 
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induciital^cciupled plasma). Generally the sources wAqmciI bused on ihcir ability Co 

provide independent types of chemical mformafloii. 

f$r>th of these sources tire sampled simuJraneoudy hyt a single mass Speciromefec. 
• arid rhe detection of the' Jons produced by each accomplished* in a parallel, simultaneo^^^ 
multiplexed fashion, lrf this way, the dcs?red chemical inrc*srnauon Is obtained virtually 
simuli!tim?ousiy from a Single separanoa. 



I. The S1MION software package is offered by Ion Source Software, tne web site for which is: 
http://www.srv.net/^klad^sim»on.htinl. SIMION can be purchased in the US through Scientific 
instrument Services, inc., whose web site Is: http://www.siswebxom/simion*ntm. This latter web site 
Includes a substantial amount of background information about 5IMION. 

z The G8C instrument, an ICP-TOFMS system, is one that might readily be modified to accommodate a 
second simultaneous ion spurce. However, there are others on the marker, that would also serve. The 
GBC Scientific Equipment web site is: http://www.gbcsci.com/ The full name of the GBC instrument is 
the *Optimass 8000 ICP-TOfMS", described more fully at: 
http://www.gbcsa.com/products/lcp_tof/optimass.asp 



Separation: 

While Analysis <if a sJngle chemical comprMind h certainly passible, there is a 

great advantage in using che described system in nssociiii ton wdih a separation technique. 

In Mi manner it is possible to provide lsnambiguoud ukntiftcahon of nnulyies within the 

mixture j n question, to overcome inira-sepnratfon errfrr, and to take advantage of die 

orthogonal (independent nalurc- of the chemical mfoomftoh provided by the two 

different ionization sources. Many separaftrjn technique arc routinely employed, are 

described wiihin the litdrature, and will J>e selected depending upon the applications hi 

which they have been 3&owu *o be effective Th$ pro Terre^i* embodiment of this Invention 

uses two different ionization sources: etecftnspmy wouindon (ESZ) and the inducovely^^ 

coupled plasma (TCP). As several authors bay* nored i \-$) K these sources are 

complementary in both ilhe tvpe of information that they produce as well as their solution- 

uptake requirements, Fbr example*, when an HPLC scpanuion is employed, the toul 

effluenf flow of I mL/min can be split into appro vmaielv UH) pL/min to an ESI source 

while -the remainder iryfccted into the ICR Because horfr sho elemental profile and 
A 

molecular identify can be monitored simultaneously, deconvolution techniques might be 
employed 10 overcome incoiwleie separations. *n ordsi* For such an operation to be 
successful the ourpuc ofleacu source must present ihe sarne chromatogram with greatest 
'possible coincidence, therefore, any convolutions introduced by the splitting operation 
(through dead volume) jany delay iimc between effluent injection into each source, or 
any due (n the source itself, must be minimised 01 charactered. This can be 
accomplished by injecrton of a standard prior 10 uwalvsi^ n* an unknown. 



indiictfcely^coupfed plasma). Generally Ihe vuiress ima sfclocicd based on their ability to 
provide independent types of chemical informal Icm. 

Both of these sources are sampled simultnneoiMly hy u single mass specirometer, 
and rhe detection of the-lons produced by each accomplished In a parallel, simultan«J5g^ 
multiplexed Fashion. Iff Ihis way, the destred chemical information is obtained virtually 
jrimulittneoutiiy from a Jingle geparariou. 

Separation: 

While analysis a single chemical comprint! t-> certainly possible* there is o 
great advantage In usin& the described system in Hsaoaiflilo'n whh a separation technique. 
In f his manner ii is possible to provide unambiguous iife»tificohon of jinalyies within the 
mixture in quesdon, to overcome inlra-separaiion errftr, and to lake advantage of the • 
orthogonal (independent) nalun? of the chemical roforipaKoft provided by the iwo 
different ionization sources. Many separation techniques are routinely employed, ar^ 
described wiihin the Htdralure, And will be selected dfcpcwdiog upon the applications in 
which they have been s|jown fo he effective. The preferred 'embodiment of this invention 
uses iwo different ionization sources: etecirospray ionfeadon (ESI) and the indued velv^*" 
coupled pluamtt (TCP). As several authors have noted i\-S}'. these sources are 

i 

complementary in both the type of mformnuon thaf they produce as well as their soiytion- 
uptake requirements. For example, when an HPLC reparation is employed, the total, 
effluent flow of I rpL/min can be split imo appro.xirfl«lelv 100 pUmin to an ESI source 
while 'die namnindeHnjected into the ICP. Bewuist* both die elemental profile and 
molecular identhy can be monitored simultaneously, decon volution techniques might be 
employed 10 overcome incomplete separations, (n ordet- for such an operation to be 
successful the output of] each source must present die same chromarogram with greatest 
possible coincidence. Therefore, nny convolutions introduced by the Splitting operation 
(ihroitgh dead vo!ume),Uny dtflay time helween affluent injection into each source, or 
any dlic to the source it£eif h must he minimised or characterized. This can be 
accomplished by rnjecn'on of a standard prior io \mitiy>it of an unknown. 



Ionization Sources; 

The pre/erred cji^gdJmcm utJte the fC? am] &S| us Ionization sources, chosen 
due to iheir cornplimemrtry nature. The ESI source produces multiply charged molecular 
ions and molecular fragment ions, parroting chemioal ^nurture information to be 
obtained. The TCP produces principally atonuc ions, jiHo^ftifi elemental and isoroptc 
information to be obtained for most elements and with eatremeiy high sensitivity. 
Si/nple extension suggests that any combination of aewces might be employed as long as 
they produce orthogonal: type* of chomic* i information. Foe example vaporous samples, 
. such as those from gas cjiromniogrttphy, might be Injected into an electron-impact 
ionization source and thtj 1CP to obtain molecular toigmentatfcm and elemental 
information simultaneously, l&nemlfy, rhw choree of F^nrcfcWiH depend on the value of 
checnfCKl information obtainable, and the applicable* amdyte types, mass requirements, 
and TOFMS operating requij femenrc. 

TOFMS 

The time-of-Aigljt mas.*, analyser has several distinct advantages with such a 
transient system (covered in the response to Question 4 oTihia disclosure). The invention 
constitutes n novel TOFMS onhogpnaUx^ction geoW^try modified to analyze ions 
produced by two Ionization mim^y^tsxn^^^ ihe preferred embodiment, these 
sources are oriented )80't1eguu» from one another and arc extracted continuously tn 
opposite directions, as is! depicutd in Figur* 1« Bach source has adistiacr differentially 
pompeft vactium lntcrfa<fe ut order to transfer tons from atmospheric pressure into a 
vacuum environment (in the> case that ihe souws are atmosphen^pressux© Jon Sources)* 
Because aach interface tfegioa is disiwcf, imn be tailored i$ fhe ion flux and energy 
produced by the source In question The Jon beams obtained from the two sources are 
then cftJhnuued and introduced into the same extraction region, where they are extracted 
for m*«ss nnniysia. Because xhc ionization soured are ooerted m different directions* 
fhey attain different trajectories wtthin the drift rcaion of the mass analyzer and, 
consequently, can he dejected separately ar. different Son detectors. By multiplexing these 
extraction events sequentially, thar is. by extracting the ions from each source in. an 
aiierouting fashion, both types of chcn?iical mformnoon ure obtained in a very rapid 



mann*. Alternatively. In" some cases it might be possible to extract all ions from both 
source into ihc mass analyzer at this same instant. 

fitfdiwhmr System*: 

One key advantage of such a sys^m comes in fusing what would ordinarily be 
two distinct instruments.. Th- vacuum system, many voHnge supplies, and portions of the 
dam acquisiOon system can be employed i?imuftanco.,s|y Hy both sections of the 
insirument. The interface regions normally employed with' the ICP and ESI have similar 
vacuum requirements, a«d thus a single pump can be'employed to evacuate the first stage 
CH of botb V « CUUI " interface*, and ihe second and thh-J stages of vacuuln ^"rved by a single 
Q torbomolecujar pump, raspecnvely. h cm also be seen in Figure I thai many of the Ion 
^ optic electrodes arc shared by both cycles of the TOFM3 operation. IF the inslrumeot is 
\Jl operated in a sequential tnanoer. the detection system cna he switched rapidly between 
ffi (he iwo systems, monitoring the output of the ESI dctecmr-and TCP detector in an 
'g alternating fashion, 
a 

0 Because each source is sampled though « distinct interface region. the ion. optics 

W responsible for colt.mating the ion beam prior to ttf introduction into the extraction 
^ region can be tailored to- the ion flux and energy of the source in ques, ion. For example, 
when...n US I source is employed, it bus been shown that the resulting plume must be 
dried of execs* soJvent to attain adequate <sex»i/iv«y. further, such a source produces an 
Isoericrgetic ion beam of relatively , 0 ode*t intensity, consisting of bigh-mass ions 
possessing multiple ehafges. Thus, the ion optic and extraction system for this source 
must bch.de a drying report to dssolvate ions, and electrodes designed for I he 
appropriate ion energies? These ion optics may consist of novel ion electrodes; for 
example, Smith and coworkers have employed a modified funnel electrode (6-9). 
Additionally, many investigators have employed radio fluency multipole ion guides as 
ion oprics m order to coflisioneuly cool the ioo be*m < \0, 1 1 ),. or a qundmpole ion trap in 
order to integrate the io«i cnm-.nl prior to injeetioo.a >.o flw extraction region of the 
(12-20). Presumably, either of chess systems mi e ht be employed within the 



pre$em invention Jfn contrast, ihc /CP produces an lan bestaraf significant intensity and 

isokinetic energy distribution, consisting of lonH of rnitss^v limited to the atomic range 

(rottgiily I -250u). Several authors have employed modified tfectrodes in coupling ICP ' 

source ro the TOFMS (21). "1 ha ability to tailor the ion oplic electrodes to the source In 

qujestinn is an advaruagqofUiis invention over previous TOFMS arrangements that 
t 

employ more limn n single source in a serial- fesluon. 

TOFMS Parameters: 

This instrument Is designed based largely ?*n existing TOFMS technology and 

01 techniques* but configured so as to aajnpte wo different mass ranges of ions from two 

1*3 ! 

Q sources Thus, a number of possible, known lortlnfm^nl design geometries can be 

modified to this application. An ion trajectory sirmilation a simple design is included 
Ujl as Figure 2 us a means of illustrating general pnnetipbs and design requirements. 

The instrument depicted fo Figure 2 is based on the TOFMS geometry generally 
*p referred to as ^onliogonil extraction" in Which torn are ekiracted into the acceleration 1 
q region along a direction ^.eq>endlcuiar io that of tliei^ortginalmolion. Therefore, 
j«§ dependent upon their in&iai energy they will ttltaih iw* angle within the flight region 
Q according «r 

w . 

Q • 

ru 



a = tan I i= tan"' s. 



tan' r-~ • (i) 



I — « lU.fi — 



where V,. ^presents iheoriujimil velocity ci r th* U>ra antf represents the velocity gamed 
through acceleration (oriequlvatently. E, repreftenfc the energy of the ion oriented along 
the y-axts and H x represents the acceleration energy).- if a& ions possess the same energy, 
as is generally the case ^ith tire Ions produced by the ESI, it follows that all roa5s$s will 
niruin Lhc same angle wijhin Ihe drift region and artfva at'ihesarne location on the 
deteclor surface. This hj deplored in Pipiiro 2 lot the- ions lubeled "ESI Ion A" and *'ES1 
Ton Bj both of which pdsse^s 10 c V of energy (E> » ID eV) t Independent of the mas s s of 
»hc ion in question, thos£ exrmcted fron> the on^n of ion A in Figure 2 will strjjee ihe 



edge or die derec.or closest to the exfa.cl.on region. vbUe those of the energy and origin 
^ Ion n will con. act I he .farther afee of A. detector. Therefore, the extraction region for 
Una particular source need ouJy be of roughly the same size as ihe detector to be used 
(Detecior 2), 

In contrast, the HEP produce en um beam with Mns-ftnving en«rgi« wuh both an 
isokinetic portion and an isoenerge.ic portion, reselling in a primary ion beam trajectory' 
that depends upon mass.. Ion, of different muss extracted from an identical origin within 
the «*,ruci,on region wUJ attain different angles w»hj p *e flight 'region, and », 
consequently, strike the jteteetora, different positions. In Order to minimize .his mass " 
W bias, the extraction region must be designed tonceommwhwe a range of Ion energies and 
W • ™* be or a much larger siee. Figure 2 also depicts two JCP ions (labeled "ICP 

| Ion A'- nnd "TCP Ion B") of differing energy representing the endpoims of the energy 
m window sampled by the extraction region of 10 cm width by a detector (.Detector I) of 
.j^j 4.4 cm diameter 

•P Another important parameter Is the relationship between ihe time retired to refill 

Q lhC eXl " Cl,0n rasiDn nn< ? thc »«• to Complete a mas, analysis; this parameter 

^ directly dictates the »du«y factor" of the instrument and therefore both i, S efficiency abd 
Q, sensitivity. The repetition rare of the typical TOPMS is limited by the time required for 
£ the ion of greatest m/z. and therefore possessing the lowest velocity, to traverse the flight 
W region and strike the detector. When a continuou, mriob source is employed U is 

also limited by the time regmred for the incoming in. Wto fill the extreme, region in 
a manner that does not create a mass bias efifeer. Hbr example. a moi ,o energetic ion beam 
sampled by theTOFMSiwiH be under the. following restriction: 

whered represents either the dcteclot width airing the y-as,s or the width of the 
extraction region (whichever j s limiting), „ represents the inefrumenTdefined 
proportionality dependent upon the particular instrument f from the flight time relation- 
tof (nfel - a(m/xj'«). anfi B, h the energy of the beam Ifdte beam contains all masses 
up to equivalent m/z - 1000. it is necessary to ttoiay extraction until that particular mass 
has filled the extraction region thereby ensuring thjtt the iona extracted are an accurate 
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reflection of the composition of the incoming ion beam. Interestingly, there is no mass 
dependence in equation 3, as the increased flight time with mass compensates for the 
longer time required to fill the extraction region. For a monoenergetic beam of 10 eV 
energy and a typical a vejlue of 1.8e-6, the limiting region size is 8.3 cm. 

For an isokinetic ion beam, the situation is different as each m/z is traveling at the 
same velocity and therefore possesses an energy, Ey, that varies linearly with mass. 
Accordingly, the size of the region, and therefore the refill time, varies with the mass 
range under investigation. Because each mass possesses a different energy, extraction 
must be delayed until the range of m/z in question has had enough time to pass to the 
appropriate position within the extraction region from whence it can strike the detector 
surface. The lime required to refill the extraction region is fundamentally linked to the 
mass range under investigation, and can be calculated as: * 

5 ( ^ 

Refill Time = a 



m 



HIGH 









LOW 



(3) 



where m/z HIGH represents the greatest m/z to be sampled and m/z LOW the smallest m/z 
under investigation. It is interesting to note that the refill time, and thus the repetition 
time limit, is independent of the velocity of the incoming ion beam and dependent only 
on the acceleration of the instrument. For a typical ICP-TOFMS mass spectrometer, the 
mass range of interest would be from m/z = 2 to m/z - 250, with the maximum repetition 
rate (l/Refill Time) woiild be 39 kHz. For comparison, the maximum repetition rate 
dictated by the flight dine would be 35 kHz. 

In a situation in which the ion beam of interest has properties of both isokinetic 
and monoenergietic production (which exists, for example, with the ICP), the situation 
becomes more complex: Because the beam contains aspects of both isokinetic and 
monoenergetic beams, the refill time and dimensions are dependent on the mass range 
(from M maH to onithe detector size (DETECTOR), on the offset potential {E 0 ) % on 
the expansion temperature (7), and on the TOF parameter (a). The refill time can be 
calculated from the relation: 



Refill Time (JVT ) 



DETECTOR + a-^Mq 


\sM H[GH kT + ZB 0 M Ar q 
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where M Ar represents thb mass of argon (the bath gas in this case), k is the Boltzmann 
constant, q isr the elemental charge, and Av is Avagadro's number- The m/z possessing 
the limiting refill time qhanges depending upon the relative magnitudes of the 
temperature and offset potential, but will always be less than that dictated by the 
isokinetic expansion caSe. 

All TOFMS instruments attempt to compensate for the initial spatial distribution 
of the ion packet, and tliiis minimize the errors in flight time. Overwhelmingly, this is 
currently accompJished'by space focus techniques that are well known wkhin the 

literature. Because the space focus plane location is independent of m/z, a single set of 

» 

instrument conditions will suffice for both ion sources. Under conditions in which the 
field strengths within th*e extraction and acceleration regions and a* in Figure 2) are of 
equal magnitude, the sebond-order primary space focus plane will be located at a distance 
a, + 2a 2 from the end o£the acceleration region. In considering other extraction region - 
geometries, it is necessary to retain these space focus conditions. 

Time of flight irtstruments also employ energy compensation techniques, such as 
an ion mirror, in order tb compensate for the distribution of initial velocities among the 
ions that are extracted. flThe degree to which these errors are compensated for is often 
expressed in terms of the reduced flight time difference (3t/T) as a function of 
acceleration potential defect (3U/U). Given that, under most conditions, the ions from 
the different sources experience the same acceleration potentials, it is possible to use the 
same reflectron configuration for both ion sources. If the extraction regions of the ions 
from the two sources ane different, and in some cases in which they are identical, it may 
be advantageous to employ two distinct reflectrons. It is noteworthy that it is possible to 
employ the reflectron as a means of increasing the a factor, and thereby the offset 
distance of the masses. 



... 



Two measures of efficiency might be quoted for this instrument: the duty cycle 
relating to the analysis of ions produced by each single source, and the source partition 
ratio pertaining to the fraction of the analysis time pertaining to each source. The duty 
cycle as it refers to each source is defined by: 

f d 

; DutyCyle- JsoURCE S0URCE (5) 

: r ^"source 

where f S ouRCE represents the number of extraction events for that source per second, 
dsouRcu represents the extraction region width, and VeI SOURCB represents the average 
velocity of the ions in th£ primary (pre-extraction) beam produced by that particular 
( «p source. If gating is employed, the duty cycle reduces to the product of the TOFMS 
G frequency and the modulation gate pulse width, but remains limited in the maximum by 
r» Equation 5. Further, a source partition ratio can be defined to represent the segregation 

of the available analysis .'time between the two sources. For example, a ratio of 3: 1 would 
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represent 3 extraction events from source 1 for every one from source 2. 

a * 

Q . Extraction Region Geometries, Extraction Sequences, and Ion Gating: 

Figure 3 illustrates several potential extraction region geometries that might find 
UJ use within the invention; Because there exist several permutations of existing extraction 
region designs there also exist a large number of possibilities that fail within the design 
guidelines outlined abo\je. Here, we define the extraction region loosely as the space 
contained between the repeller (R) and the first acceleration electrode (Gl). Ions are 

extracted for mass analysis by application of a voltage pulse (Vr) to one or both of the 

! 

electrodes. Again, the simplest form shown in panel A in Figure 3 projects both ion 
beams along the same axis, but traveling in opposite directions- Here, a single extraction 
pulse might inject ions from both sources into the acceleration region. As the ions fall 
through the same potential gradient, the ion energy distributions of these populations will 

be identical and therefore many of the same ion optics and reflectron potentials might be 

i 

employed for both sources. 

Alternatively, thfe beams might be spatially offset along the x-axis (i.e. along the 
direction of the flight tube) within the extraction region, as is depicted in panel B in 



CJ 

ru 



® 



Figure \ Because the beams are not coaxmK any difficulties arising from spuce charge 
uftects, iho collisions often* from one soured wlrft IKoae of lha other, or coflhsion^ of 
ions with the neutral beam of atoms created by the sampling process are overcome. Both 
populations of ions are subjected to the 5ams flelii upon extraction; however, because the 
initial position of each population is different, each possesses a different spatially: 
dependent energy, Whifc the space-focus ptim* portion remains the same for each case, 
(he Ion optic and reflecdon potentiate may be slightly different In pane] C in Figure 3, 
the ion beams ore vertically offset. Tn the limit, because the beams are vertically offset, 
one rrtight create completely separate ejuracuon regions for both sources. 
P Finally, Panel D illtmratcs a r-wo-wtracfoon reginn design wherein each ion beam 

Uj is injected into a separate extraction region In Figure ^Source 2 is Injected Into the 
negmive injection region. When an extraction' Is requhed, a negative repeiler pulse 15 
Q1 appHed to the grid R- and the ions ore pulled m to tIk? acceleration region. Conversely, 
|«y Source J is injected into the positive extraction region, when a positive potential is 
5 applied ro (he repeiler 8fr while the negative potential is also applied to the negative 

Q repeiler these ions a^e injected into Ihe flctfeteratkm region. 3fa tins way, the electiic 
P field gradient remains constant throughout each cHfraction A region end space-focus 
y cohdftiuns are thus satisfied. Here, the space focus plane witt be in a different position 

O for each ion poputotion,;an<i rrflectron and ion opt\e conditions will be necessarily . J 

different. Obvtously, there exist many pcrfrijfatjons otthe*e basic geonietries^V^ ^ /^f^S^^ 101 ^ 

In every case, extraction from the two source might be accomplished In a Sft^tit JlJ h***w* 
sequential or sirnulmnequs fashion. When eh* ions from both sources are injected y-«*y**0 few'''' 

simultaneously into the TOFMS, the repetition rate of the instrument will be limited by 
the lesser of rhe attainable repetition rates for tht- two particular sources, which, {F tff»'+ S) • 

according to the previous discussion, 19 dependent upon the mass ranges in question, the 1 
ion beam energies, and the extraction region si«e» As an Migration., consider an BSX/ICP 
instrument of parameter similar to those discussed above, possessing an extraction 
region similar to rhe typ& s yhown as A.S, or C Ln Figure -3 A pictorial description of the 
timing sequence of such; a iysrera is given to Figure^Jfc the forrrt of a modified bar C- / 

diagram with ihe duration of euch siep In the rfcpfeiuive sccpience scaled in the horizontal 
direction of increasing time, and the vertical dimension representing different spectra. 
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With tui acceleration creating a TOFMS factor a * 1.8 X 10* an ICP-TQFMS 
spectrum takes Sfyisec to wmptei« white the EST apecJrum cm he collected in 
. approximately 57jisec> If the ICP produces; elemental ions *>f typical experimental 
composition (gas temperature {T)« SOOtfK, mnnnenergertc offset =* 2 eV) ? die extraction 
region must be 6.0 cm long, according tti Equation 4 and assuming a typical 4.4 cm 
detector. In order to ensure an accurate .templing of the ion beam, it thus requires a 
minimum of 2.8 jrseo to'fill the extraction region wilh ICP bns. The ions produced by 
tbs ESI (monoenergetidup to m/fc c=!O0O find possessing %=*IQ eV) will require 43usec 
In order to cover the same 6.0cai distance. If wt: JtmH the ESI detector size, the refill 
time decreases accordingly: a 4.4 cm defector requires ?2 uscconds, whiJe the 28psec . 
spectral window of the ICP sp&cda would require axbtleirfOT of 3.S cm diameter cr less. 
JKow«svor. in almost every conceivable case' ih© rime required lo collect the mass spectra 
alone will be the deciding i actor. In this' <rxampte» rh<? repetition rate of the JCP-TOFMS 
section of the instrument will Operate sxc approximately one-half of the maximum 
repetition iaie. 

Alternatively, the extraction sequence could be- sequential in nature, relying upon 
ion gating techniques to stop ona ion beam from entering rhe extraction region while the 
oiher is filling the extraction region. By interdi&itfiiing Hie spectra, refHl time is the only 
limiting factor; a timing sequence of this strategy ts mcUicted as Figure^along with the 
. ffating sequence, By ai&rtogy to the previous ex«fcnpte & typical aequenco might consist of 
first-an ICP-TOFMS exirartion sequence, followed immediately by filling the extraction 
region with ions from PS J. ion beam, Sy UrrnridR the detector .size to le$$ than 3-8 cno, 
the EST ionK can be exniacred ai the point following completion of the acquisition of the 
ICPMS spccirum (-28 jUsednds), Immediately- ihc: ton gating is switched and the ICP 
ions- allowed to 5H the extraction region- and the BSI ion beam prevented from entering 
the fixti'nciion region lb « short period of time, th<* ICP ions have Filled the extraction 
region to an extent to siipport accurate sampling (2:8 jjscc) and an ICP-MS mass 
spectrum can be collected. Because the ESI spewra take twice ns long to collect as an 
elemental spectrum, a second ICP extraction coiafd'be accomplished before the 
instrument switches to sample che EST source. Again, rhc, ion gating is switched and the 



ESI ions fill the extraction region while the ICP ions are undergoing mass analysis. The 
process then repeats itself. 
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What is claimed is: 

1. A method of acquiring chemicai Information with a mass spectrometer having (i) a first 
ionization source for creating ions, (ii) a second ionization source for creating ions, (iii) a first 
detector for detecting ions, and (iv) a second detector for detecting ions, comprising: 

(a) simultaneously sampling ions created by said first ionization source and said second 
ionization source so as to produce a first ion sample and a second ion sample; and 

(b) simultaneously detecting ions from said first ion sample with said first detector and ions 
from said second ion sample with said second ion detector. 




INVENTION DISCLOSURE 
INVENTION DESCRIPTION 

(Attach additional sheets as necessaiy.) 

Describe Ihe particular problfefn the IrWefttlon 8e§k§ 10 §olt/§. 

It is well recognised within the scientific community that metals play a critical, 
but currently indefinite, role in a myriad of biochemical processes and are therefore 
of critical importance in such fields as environmental monitoring, pharmaceutical 
research, and medicinal chemistry. At present, there exists no single, integrated 
means of determining 'the complete speciation information of a metal within a sample. 

Here, speciation is broadly defined as the chemical form that the specific metal 
takes within the sample, defined, for example, by the different oxidation states of 
the metal or the forms complexed or bound to inorganic and organic matter. The 
function of this invention is the rapid acquisition of such information 'from complex 
mixtures of environmental, biological, or pharmacological interest to be employed for 
screening, unambiguous detection of target species, or generally when analyses 
f p requiring knowledge of both elemental and speciation information are necessary. 

p Describe previous attempts to solve the problem and the limitations or deficiencies your invention overcomes In 
UJ the state of the art. . 

!"E . State of the art analyses are currently accomplished by the successive, separate 
W acquisition of elemental and metal-speciation information taking the general form of 
CP a mixture separation % followed by analysis for elemental or speciation data. For 
UJ example, a mixture might first be subjected to separation by liquid chromatography and 
J* the effluent analyzed? for metals by inductively-coupled plasma mass spectrometry; the 
' identical mixture separation is again accomplished and the effluent analyzed for 
" speciation data by electrospray ionization mass spectrometry. In order to compare 
Q these two separations^ and thereby determine the concentration and identity of metal - 
M associated species within the mixture, peak retention-time matching is necessary and 
□ the analysis is thereby open to associated error due to separation inconsistencies. 
IH Further, this procedure is necessarily somewhat inefficient as it requires two 
* ' separate instruments., It is therefore costly, is inefficient in its use of anaiyte, 
*=3 and cannot be accomplished in a timely manner. 

FU This invention monitors both types of information with each single separation. 
Thus, the analysis is- free from error due to run-to-run variations and the identity 
of metal-containing species can be accomplished by direct comparison. Because the 
elemental identity and metal speciation data represent orthogonal types off 
information, the incomplete separation of components in a mixture can be. overcome by 
deconvolution techniques. Finally, as this invention embodies a single instrument, 
analysis are completed more efficiently and rapidly with less associated cost. 



3 Please attach a complete description of the Invention (the detail should be similar to that of the methods and 

by reference to a separate # *«^«2^ a ^ 
preprU grant application, or the like). If so, give a brief summary below and attach the document to this 
disclosure. 
See Attached Description 
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nesorihft the novel features of your invention and why they are significant. 



ji/ EN TION DISCLOSURE |m 

rel in that the desired chemical information^^ c 



This geometry is novel in that the desired chemical information is acquired from the 
sample simultaneously/ with a single instrument, and from a single separation as 
opposed to the current serial means employing several instruments. This TOPMS 
instrument geometry la unique in design and capabilities. Several advantages of this 
invention issue from fche particular use of a time-of-flight mass spectrometer as the 
fundamental instrument platform. As many of these advantages are well recognized 
within the literature, they will be only briefly mentioned here. Time-of- flight mass 
■ spectrometers are capable of extremely rapid mass-spectral acquisition, allowing the 
rapid transients produced by the separation to be completely characterized. Because 
all of the masses are extracted to be analyzed Jat the same instant> . TOPMS is 
recognized to be unaffected by spectral skew error, or the error associated with the 
scanning acquisition of mass-spectral data during the time-dependent concentration 
•profile of a transient signal. Such a limitation would significantly impair the 
effective use of a scanning mass spectrometer in this application. Further, the 
simultaneous extraction of all masses of interest allows greater precision to be 
attained in ratioing techniques, such as isotope dilution or internal standardization. 

These advantages make such an instrument potentially very useful in the complete 
characterization of extremely complex mixtures and with systems producing extremely 
rapid transients. One appropriate example might be the rapid screening of 
combinatorial libraries . 

This TOFMS geometry is unique in its ability to rapidly interdigitate the 
acquisition of the two distinct types of chemical information from two distinct 
sources. This fact alone distinguishes it from TOFMS instruments based upon prior 
• art. Such an application requires the observation of two substantially different 
mass-to-charge ranges with large dynamic range and with high temporal resolution. The 
use of this TOFMS geometry permits the simultaneous, or rapidly alternating, 
acquisition of the datja from the two distinct ionization sources under investigation. 

This ability is largely a consequence of the rapid spectral generation rate of the 
TOFMS and the fact th4t the instrument employs electric fields that can be rapidly 
changed. This novel TOTOS geometry also allows modification of the duty cycle with 
which each source is monitored. For example, an ESI source, being a weaker source, 
may take up a greater 'portion of instrument acquisition time in order to present each 
source with similar signal-to-noise ratios. 

This invention represents the integration of the capabilities of two distinct 
instruments wherein each type can be utilized separately to full advantage, or 
combined to realize the aforementioned additional advantages- Such an instrument is 
less costly to construct since several components, such as vacuum pumping, are 
redundant and sections of others, such as portions of the electronics and detection 
systems, can be great Jiy integrated. Furthermore, the proposed geometry allows the use 
of ion optical elements optimized for the ion current and ion energies produced by 
each distinct source, fallowing greater sensitivity to be achieved as compared to a 
single P compromising, 'ion optics system. In effect, this embodiment possesses all of 
the advantages of previous instrumentation within a single instrument - 

Describe the state of development (prototype, animal model, other research results). 

Currently, the instrument is in the final design stages. This laboratory has 
significant expertise dn the design, construction, and operation of both ICP-TOFMS and 
ESI-TOFMS instruments* 



Are there other contemplate^ forms of the invention or alternate aspects and uses? 



^^ENTION DISCLOSURE ^ 

Use of an additional orthogonal detector system (ultraviolet absorption or 
fluorescence, for example) in-line prior to the analysis of the effluent by the 
aforementioned instrument would permit further information to be gained and facilitate 
analysis of mixtures tjhafc are not completely separated by the chromatographic step. 
• This TOFMS design will also be able to use other sources capable of providing 
different types of information, such as matrix induced laser desorption or microwave 
plasmas. In principle, any number or type of sources capable of providing orthogonal 
information about a chemical sample might be employed. One additional capability that 
would provide even more information would be the addition of a collision induced 
dissociation cell in prder to fragment a.ons further, to simplify their subsequent 
identification.- Finally, the addition of an quadrupole ion trap as a integrating 
device along the ion chain would further improve duty cycle and thereby sensitivity. 



ABSTRACT 

»i NEW KNOWLEDGE AND INSTRUMENTATION FOR PLASMA-SOURCE MASS 
CTROSWETRY. Gary M. Hieftje, James H. Barnes, IV, Gerardo Gamez, Ole A, 
Gron, Mao Huang, Scott A. Lehn, Denise M. McQlenathan, Steven J. Ray, William C. 
Wetzel, Department of Chemistry, Indiana University, Bloomington, IN 47405; M. 
Bonner Denton, Department of Chemistry, University of Arizona, Tucson, AZ 85724, 
and David Koppenaal, Pacific Northwest National Laboratory, Richland, WA 99352 

Plasma-source mass spectrometry, most commonly implemented as ICPMS, has 
evolved into a widely used routine tool for ultra-trace elemental analysis. The technique 
offers detection limits at the ppq level, modest precision (1^5% RSD), reasonable levels 
of matrix and spectral interferences, broad dynamic range, and relative ease of use. 
Given this situation, it is therefore appropriate to question whether additional dramatic 
changes in the methods seem likely in the future. In this presentation, several 
fundamental investigations and instrumental developments will be discussed that 
suggest important developments still lie ahead. 

. p The fundamental investigations will center on the measurement of fundamental ICP 
Lgarameters (electron number density, electron temperature, and gas temperature) and 
j€f species introduced with the sample solution (both analyte species and concomitants) 
an effort to clarify the effect of the ICP sampling interface on the plasma. Recent 
studies in our laboratory have shown that the interface has a substantially greater 
'gnpact on the plasma than was previously believed. These continuing investigations 
I3 are aimed at determining whether the changes are of the result mainly of thermal losses 
ct om ^e discharge or rather are due to interception of radiofrequency power by the 
Sampling cone. 

O Instrumental developments will include recent studies into our array detector atomic 
Itfiass spectrometer (ADAMS), new approaches that employ a time-of-flight mass 
Spectrometer (TOFMS) and the use of alternative sources. Development of ADAMS 
mas continued, and figures of merit obtained from alternative sources (ICP, glow- 
discharge, and microwave plasma torch) will be compared. In addition, performance of 
the instrument with a new multi-channel detector array will be evaluated. Unlike 
previous similar arrays, the new one employs Faraday cups for detection coupled with a 
chip that enables either destructive or non-destructive readout to take place. Moreover, 
individual pixels on the array can be randomly accessed, so dynamic range can be 
maximized for each channel independently. Already, the array has demonstrated the 
detection of as few as 1 0 ions. 

• ICP-TOFMS studies that will be described include one that is oriented toward 
clarifying the role of operating frequency of the ICP. The LECO Renaissance 
instrument is capable of operating at either 27.12 or 40.68MHz; however, no definitive 
study has yet been performed to determine which of the two operating frequencies is 
better Another study that will be briefly described includes the coupling of hydride 
generation with ICP-TOFMS and the potential utility of capillary electrophoresis for 
speciation of elements amenable to hydride generation. 



. iljj.astly, a new instrument for speciation will be introduced. Unlike past efforts that 
rWe been made both in our laboratory and in others, speciation in this new instrument 
is accomplished not 

by means of a single tunable or switched source, but rather by two separate ion sources 
introduced into the same mass spectrometer. Because two kinds of spectra (atomic 
and molecular) can be obtained in a truly simultaneous fashion, this new instrument 
offers unparalleled information-gathering capability and should be powerful especially 
when combined with separation techniques. 
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Figure 1: 1SI/ICP TOFMS Instrumental Concept 
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Figure 6: Timing sequence for a simultaneous extraction ESI/ICP TOFMS instrument 
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Figure 7: Timing sequence for a sequential, gated ESI/ICP TOFMS instrument. 
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